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ABSTRACT
Cryptophytes are eukaryotic algae found in a variety of aquatic ecosystems, that
vary in the color of light available for photosynthesis. This algal division displays a
diversity in necessary photosynthetic pigments, possessing either phycoerythrin (Cr-PE;
“pink”) phycocyanin (Cr-PC; “green”). According to the theory of complementary
chromatic adaptation, this diversity should help maximize absorption of light within
natural environments. The objective of this study was to determine if pigmentation
related to growth performance in environments of differing spectral irradiance. Eight
species of marine cryptophytes (5 Cr-PE and 3 Cr-PC species) were grown under four
different spectral light environments. Growth rates, cellular pigment concentration and
volume, and absorption spectra were determined for all experimental species and light
treatments. Cr-PE species grew fastest under blue light (0.4 to 0.6 d-1 depending on
species), indicating the efficient absorbance of blue photons by their Cr-PEs and by nonPE pigments. Cr-PC cryptophytes grew fastest under red, white, or blue light depending
on the species (0.5 to 0.8 d-1), which Cr-PC they contained and their complement of nonPC pigments. All Cr-PC species grew slowest under green light (0.3 to 0.5 d-1). Spectral
irradiance had a significant impact on cellular pigment concentrations and cellular
volumes; however, the results varied among species. This study showed that cryptophytes
could acclimate to novel environments, as no mortality was observed. Future studies will
look at longer term acclimation (at the scale of years) to determine if cryptophytes show
adaptive capabilities that are expressed at the genetic level.
v
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CHAPTER 1
INTRODUCTION
Cryptophytes are single-celled, biflagellate microalgae found in marine,
freshwater, and estuarine ecosystems (Throndsen 1993; Klaveness 1988), and are often
found at highest cell densities in deep, low-light intensity, high-nutrient waters (PedrósAlió et al. 1995; Gervais 1997; Kiili et al. 2009). They are important primary producers
in aquatic ecosystems and serve as an important food source for zooplankton grazers due
to their small size and high nutrient value (Repka 1998; Vanderploeg et al.1996).
However, despite their ecological importance, relatively little research has focused on
their physiology, particularly with respect to phenotypic responses to the color of light in
their environment.
Like all phytoplankton, cryptophytes have chl-a as a major light harvesting
pigment. In addition to chl-a, cryptophytes have chl- c2, alloxanthin, -carotene, and a
cryptophyte phycobiliprotein (Cr-PBP) as accessory pigments (Jeffrey and Vesk, 1997;
Vesk et al., 1992; Bogorad, 1975; Geiskes and Kraay, 1983). These accessory pigments
allow cryptophytes to use additional wavelengths of light for photosynthesis not absorbed
by chl-a. Each species contains only one type of Cr-PBP, a cryptophyte phycoerythrin
(Cr-PE; “pink” and “brown” species) or cryptophyte phycocyanin (Cr-PE;
“green”), each of which varies in the wavelength at which light absorption is maximal
(Table 1; Jeffrey and Vesk, 1997). Chl-a, chl-c2, and the Cr-PBPs capture light for
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photosynthesis (Zhao et al., 2011), whereas -carotene and alloxanthin are
photoprotective pigments (Rau, 1988; Bidigare et al. 1989).
Cryptophytes are a diverse group of microalgae, with 200 named species existing
across several distinct phylogenetic clades (Hoef-Emden, 2008). While some clades are
comprised of cryptophytes with the same Cr-PBP type, others, such as the Cryptomonas
and Hemiselmis clade, contain species with either type (Hoef-Emden, 2008).
Phylogenetic constructions, in general, do not explain how Cr-PBPs diversified,
especially among closely related species.
Aquatic environments can vary greatly in spectral quality, that is, the color of
light available for photosynthesis. Estuaries rich in chromophoric dissolved organic
matter (CDOM) for example, have spectra dominated by red wavelengths because they
are usually high in both chl-a and CDOM, which preferentially absorb blue wavelengths.
Open ocean ecosystems have low chl-a and low CDOM; therefore, these environments
have irradiance spectra dominated by blue wavelengths. One possible explanation for the
diversity of cryptophytes is that they evolved pigments that were best suited to the
spectral quality of their natural environment. This theory of complementary chromatic
adaptation (Engelmann,1883; Ramus, 1983) has been tested in several species of
phytoplankton and macroalgae (Garrido et al., 2016; Campbell, 1996; Abiusi et al., 2014;
Lima et al., 2018). It posits that the pigments in a photosynthetic organism should be
optimally tuned to the available wavelengths of light. If moved to a new environment, the
species should be able to alter its pigment concentration to match its new environment.
However, this theory has not been explicitly tested within the cryptophytes. The one
study that investigated this theory showed that over short time scales, cryptophytes were
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not able to acclimate to their environments and did not alter pigments in a manner that
complemented the changing spectral quality (Ojala, 1993). However, it may be possible
that over longer time scales, cryptophytes are able to alter their pigments. Pigment
alteration could have allowed for the wide range of diversity seen in modern day
cryptophyte species. If cryptophytes can acclimate and/or adapt to changes in spectral
quality, this could provide insight into how this important group will persist (or has
persisted) under environmental changes due to anthropogenic effects that can alter the
wavelengths present within natural environments (Crossett et al. 2004; Lawrenz et al.
2010). Examples include the reduction of CDOM due to deforestation or increased
nutrient loading that can lead to eutrophication.
The goal of this study was to determine if cryptophytes can acclimate to changes
in spectral quality. The phenotypic characters addressed within this study were growth
rate, cell sizes, cellular pigment concentrations, and absorption spectra under the varying
spectral treatments (Falkowski and LaRoche, 1991 and references therein). The
hypotheses were:
H1a: All cryptophytes, regardless of Cr-PBP type, will have fastest growth rates under
blue light, due to chl-a, chl-c2, alloxanthin, and α-carotene absorption in this spectral
region.
H1b: Due to less efficient pigment absorption, Cr-PE cryptophytes should grow slowest
under red light, and Cr-PC cryptophytes will grow slowest under green light.
H2a: Cr-PE cryptophytes will have the highest cellular concentration of Cr-PE under
green light, as CR-PEs absorb in the green region (490-570nm) of the visible spectrum.
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H2b: Cr-PC cryptophytes will have the highest cellular concentration of Cr-PC under red
light, as Cr-PCs absorb within the red region (620-700nm) of the visible spectrum.

If cryptophytes exhibited acclimative capabilities, the response in growth rate
would be to favor the fastest growth rates for phycocyanin-containing cryptophytes under
red light and phycoerythrin-containing species under green light. Cellular pigment
concentrations should be highest for each pigment under the spectral irradiance in which
that pigment absorbs. The species not favored by the spectral light environment should
shift phenotypic characters to ones that allow survival under the new environments.
Also, similar patterns should emerge among species containing the same PBP type.
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CHAPTER 2
MATERIAL AND METHODS
2.1 STUDY SPECIES AND STOCK CULTURES
Eight strains of marine cryptophytes of varying Cr-PBP composition (Table 1).
All species were obtained from the National Center for Marine Algae and Microbiota
(NCMA) at the Bigelow Laboratory for Ocean Sciences (ncma.bigelow.org). Cultures
were grown in their respective saltwater media type based on the recommendation of the
NCMA at the Bigelow Laboratory for Ocean Sciences (Table 2.1).
Stock cultures were grown at 20°C under full-spectrum photosynthetically
available radiation (PAR) of 30 μmol quanta m-2 s-1 as measured with a Biospherical
Instruments QS 2101 light meter (Biospherical Instruments, Inc., USA) just outside
culture containers. Cultures were grown in a reach-in incubator on a 12 hour: 12 hour
light: dark cycle (Table 2.1).

2.2 EXPERIMENTAL CULTURES
For experiments, stock cultures of all eight strains of cryptophytes were grown in
a 20°C Conviron walk-in incubator (Controlled Environments, Inc., Manitoba, Canada)
and were acclimated for at least 10 generations (Parkhill et al. 2001) to four different
light treatments: full spectrum, green, blue, and red light, each with a total photon flux of
30 μmol quanta m-2 s-1. Total irradiance was measured every two months using a
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Biospherical Instruments QS 2101 light meter (Biospherical Instruments, Inc., USA). A
Flame Spectrometer (Ocean Optics, Dunedin, Florida, USA) was used to determine the
wavelengths of light available under each experimental treatment. (Fig.2.1). Cultures
were
swirled daily by hand to ensure adequate mixing and to prevent a settling bias, and were
transferred to fresh culture medium at least weekly.

2.3 GROWTH EXPERIMENTS
Growth rates were measured by time course measurements of cell counts on
triplicate cultures of each species. The initial starting density of each culture was adjusted
to be approximately 5000 cells mL-1. Cells were counted daily for approximately 12-21
days (until cultures reached stationary phase).
Counts were plotted and fit with an exponential curve according to the equation:
𝑦 = 𝑁0 ∗ 𝑒 𝜇𝑡
where N0 is equal to the initial cell concentration (cell mL-1), μ is equal to growth rate (d1

), and t is time (d).
Cells were counted with a Guava Easycyte Plus flow cytometer (Guava

Technologies, MilliporeSigma, USA), with the measuring parameter set as cellular red
fluorescence. For Hemiselmis cryptochromatica, cells were counted using a Beckman
Coulter Z2 culture particle count and size analyzer (Beckman Coulter,Inc., USA), with
the particle size measurement set from 2.15 μm - 8.08 μm. For each replicate, during the
mid to late exponential growth phase, aliquots were taken to be analyzed for Cr-PBP type
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and concentration, absorption spectrum analysis, and non-PBP photopigment
concentration analysis by high performance liquid chromatography (HPLC).

2.4 CR-PBP ANALYSIS
The Cr-PBPs were quantified according to Lawrenz et al. (2011). 10 to 25 mL of
culture was placed into a 50 mL centrifuge tube and then centrifuged at ~6500g for 10
minutes in a Sorvall RC-5B refrigerated superspeed centrifuge (Dupont Instruments). The
pellet was re-suspended in 5mL of 0.1M PBS buffer and placed in a -20°C freezer
overnight. Samples were then allowed to thaw at 4°C. Once thawed, a 2 mL sample was
centrifuged at 11,000g for 5 minutes using a Beckman Coulter Microfuge 18
microcentrifuge (Beckman Coulter,Inc., USA) to remove any cellular debris from the
liquid portion of the sample. Absorption was measured every 1nm from 400-750 nm
using a Shimadzu UV-VIS 2450 spectrophotometer (Shimadzu Corporation, Japan) and
the UV-Vis 2.36 program. 2 mL of the 0.1M PBS buffer solution was used as a blank,
and after blanking the instrument, 2 mL of liquid sample was placed into a clean quartz
cuvette and the sample was analyzed. The resulting peak corresponded to the PBP present
within that species. The absorption value at 750 nm was subtracted from the absorbance
value to correct for any background signal. The concentration in pg cell-1 was calculated
by the following equation:
𝐶=

𝑉𝑏𝑢𝑓𝑓𝑒𝑟 1012
𝐴
× 𝑀𝑊 ×
×
𝜀∗𝑑
𝑉𝑠𝑎𝑚𝑝𝑙𝑒
𝑁

Where:
C is the concentration of phycobilin in pg cell,
A=absorbance of the sample
7

ε=molar extinction coefficient (Cr-PE (2.41x106 L mol-1 cm-1) or Cr-PC (1.9x106 L mol-1
cm-1)
d=path length of the cuvette (cm),
MW=molecular weight of the PBP (Phycoerythrin: 240000 g mol-1; Phycocyanin: 264000
g mol-1),
Vbuffer= amount of buffer added to resuspend the sample (mL),
Vsample= initial amount of sample (mL) and N=cells L-1 at the time of sampling

2.5 ABSORPTION SPECTRUM ANALYSIS
For whole-cell absorption measurements, 10 to 20 mL of culture was filtered onto
25 mm GF/C filters and stored at -80°C until analysis. Spectra were obtained using a
Shimadzu UV/VIS 2450 spectrophotometer (Shimadzu Corporation, Japan) using the
filter pad technique (Shibata 1958, Roesler 1998). A GF/C filter dampened with culture
media served as the blank, and samples were analyzed at wavelengths from 300-800 nm
at 1 nm intervals. The pigments were extracted from the filters using 10 mL of 100%
methanol overnight. The following day, the filters were again on the spectrophotometer
in order to correct for any CDOM signal. The background CDOM signal was subtracted
from the absorption readings taken the previous day and used to calculate the total
absorbance. Spectra were scatter-corrected by subtracting the average absorbance from
730nm to 750 nm from the spectra data. Each filter had a high material load in an effort
to reduce scattering (Roesler 1998). Absorption was calculated using the following
equation:
𝑎𝐶ℎ𝑙 (λ) =

2.303 ∗ A(λ)
L∗ β∗N
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Where:
A(λ) = absorbance at a given wavelength
L= optical path length of the particles on filter (sample volume divided by clearance area
of filter in units of meters)
N= concentration of chl-a in the culture as determined by HPLC (mg m-3)
β= the path length amplification factor (β=2.0 for this study; Roesler 1998)

2.6 HPLC PIGMENT ANALYSIS
For HPLC pigment analyses, 5 mL of culture were filtered onto a 25 mm GF/C
filter and stored at -80C. Samples were analyzed according to the procedure outlined in
Pinckney et al. (1996). Sample filters were placed overnight into a freeze dryer then were
extracted for 24 hours at -20C with 750 μL of 90% acetone with 50 μL of a synthetic
carotenoid β-apo-8’carotenal standard added as an internal standard. After extraction, the
extracted pigment/acetone solution was filtered through a 0.45 μm syringe filter. The
filtered extract was injected into the Shimadzu HPLC machine, which contained a
monomeric column (Rainin Microsorb-MV, 0.46 cm x 10 cm, 3 um) and a polymeric
(Vydac 201TP54, 0.46 cm x 25 cm, 5um) reverse phase C18 column in series. The
mobile phase was comprised of two different solvent mixtures: an 80% methanol : 20%
0.5 M ammonium acetate solution, and an 80% methanol : 20% acetone solution
(Pinckney et al. 1996). A 1M ammonium acetate solution was added as an ion pairing
solution to help compounds move through the columns and improve retention times
(Moldoveanu and ). Chromatograms were analyzed by

9

comparing retention times and the absorption spectra to known, pure standards (DHI,
Denmark).
2.7 CELL VOLUME ANALYSIS
Cell volumes were calculated by visualizing live, light shocked cells on a Nikon
Eclipse TS 100 camera microscope. Cells were measured using the INFINITY
ANALYZE v. 6.5.4 software program measurement tool, and measurements were made
for a total of 200 cells for each light treatment under a 200x (10x ocular and 20x lens)
magnification. Cell volume was calculated using the equation for a prolate spheroid
(Verity et al. 1992):
𝑉=

𝜋
∗ 𝐿 ∗ 𝑊2
6

where L is equal to the cell length (μm) and W is equal to the cell width (μm).

2.8 STATISICAL ANALYSES
Significant differences among growth rate values in the four light treatments were
determined using a univariate analysis of variance (ANOVA), with light color as a fixed
factor. HPLC photopigment and Cr-PBP pigment data were analyzed using a multivariate
analysis of variance (MANOVA), with the light color treatment (full, green, blue and red)
as a fixed factor with the different pigment concentrations serving as the test variables.
For both the ANOVA and MANOVA, a Tukey’s post-hoc test was used to determine
significant differences among treatment groups. A p-value less than 0.05 was considered
significant. A Dixon’s Q-test was used to determine if any outliers were present within
the data. Values with a number greater than the critical Q value for the replicate number
(n=3, critical Q value=0.970) were considered outliers and were not included in statistical
10

calculations. All analyses were conducted using the statistical program IBM SPSS
Statistics 24 (IBM, USA).
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Table 2.1: Experimental cryptophyte strains, the phycobiliprotein (PBP) present (phycoerythrin (Cr-PE) or phycocyanin (Cr-PC), the
maximum absorption peak for the PBP present, and the recommended media type for each species given by the NCMA at the Bigelow
Laboratory.
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Species

Strain Number Color

PBP

Media

Guillardia theta

CCMP 327

Pink

CR-PE 545

H/2

Rhodomonas salina

CCMP 1319

Pink

CR-PE 545

L1-Si

Hemiselmis andersenii

CCMP 644

Pink

CR-PE 555

K

Proteomonas sulcata

CCMP 1175

Pink

CR-PE 545

f/2-Si

Storeatula sp.
Chroomonas
mesostigmatica
Hemiselmis tepida
Hemiselmis
cryptochromatica

CCMP 1868

Brown

CR-PE 545

L1-Si

CCMP 1168

Green

CR-PC 645

f/2-Si

CCMP 443

Green

CR-PC 612

L1+NH4

CCMP 1181

Green

CR-PC 569

L1+NH4
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Figure 2.1: Qualitative spectrum showing the distribution of PAR for the full light (black line), green light (green line), blue light
(blue line), and red light (red line) treatments used in this experiment. For the full spectrum, blue, and red light treatments, a
Lumigrow Lumibar LED strip light (Lumigrow, USA) was used to create the light environments. Two RGB LED panel lights (Super
Bright LEDs, USA) were used to create the green light environment, as the strip lights did not possess the capacity to emit green light.

CHAPTER 3
RESULTS
3.1 GROWTH RATES
For Cr-PE containing cryptophytes, all five species had the fastest growth rate
under blue light. For Guillardia theta, Rhodomonas salina, and Hemiselmis andersenii,
full spectrum irradiance resulted in the slowest growth rates. Storeatula sp. exhibited the
slowest growth rates under the green light treatment, while Proteomonas sulcata had the
slowest growth rates under the red light treatment (Figure 3.1A).
For Cr-PC containing species, the light treatment that resulted in the fastest
growth rates varied with species. For Chroomonas mesostigmatica, the fastest growth
rates were achieved under red light (Figure 3.1B). Hemiselmis tepida achieved the fastest
growth rates under full light. Finally, H. cryptochromatica achieved the fastest growth
rates under blue light. The green light treatment resulted in the lowest growth rates for all
phycocyanin-containing species.
Specific growth rate values for all experimental treatments and species are
summarized in Table 3.1.
3.2 PIGMENT CONCENTRATION: CHL A
Pigment concentration response to spectral irradiance had a higher speciesspecific variation as compared to growth rate responses. For Cr-PE cryptophyte species,
the highest cellular concentrations of chl a were present in full, green, and red light
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treatments, depending on the species (Figure 3.2A). For two of the study species (G. theta
and Storeatula sp.), the blue light treatment resulted in the lowest cellular concentrations
of chl a. The remaining three species had the lowest cellular concentrations under one of
the remaining light treatments: R. salina had the lowest concentration under red light, H.
andersenii under full light, and P. sulcata under green light.
For Cr-PC cryptophyte species, the highest concentrations of cellular chl a were
present in either the full light treatment (C mesostigmatica) or green light treatment (H.
tepida and H. cryptochromatica) (Figure 3.2B). The lowest cellular concentrations were
present in either the full, red, or blue light treatment cultures, depending upon the species
(Figure 3.2B).
Specific values for cellular chl a concentrations for all treatments and species are
listed in Table 3.2.
3.3 PIGMENT CONCENTRATION: CHL C2
For G. theta and Storeatula sp., the blue light treatment resulted in the lowest
cellular chl c2 concentrations, with this treatment being significantly different from all
other Storeatula sp. treatments (Figure 3.3A). The lowest concentration values for R.
salina and H. andersenii were obtained under red light and full light, respectively. The
highest concentrations were obtained under green light (R. salina), green and blue light
(H. andersenii; same concentration value), and full light treatment (Storeatula sp.).
Spectral irradiance did not have significant impact on the cellular chl c2 concentrations
for P. sulcata.
For Cr-PC cryptophytes, the green light treatment had the highest cellular chl c2
concentrations, and this concentration was significantly higher than all other treatments
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for H. cryptochromatica (Figure 3.3B). The lowest concentrations were found under the
red light treatment (C mesostigmatica), blue light treatment (H. tepida) and for H.
cryptochromatica¸both the full and blue light treatments had the same concentration
values.
Specific concentration values for cellular chl c2 for all species and treatments are
listed in Table 3.2.
3.4 PIGMENT CONCENTRATION: PBP
The results of the ANOVA suggest a significant difference for G. theta in Cr-PE
concentration based on spectral light quality (p-value=0.041) (Figure 3.4A). However,
the Tukey’s post-hoc test could not identify any significantly different groups at the
α=0.05 confidence level.
The remaining species had the highest cellular Cr-PE concentrations under green
light, with the exception of P. sulcata (full light treatment). Cr-PE concentrations were
the lowest for all species under the blue light treatment. For Storeatula sp., the red
treatment average is based on two replicates (30.86 and 28.11 pg cell-1). The third point
was removed (10.63 pg cell-1) as it appeared to skew the statistical results. The Dixon’s Q
test did not identify this point as an outlier, however.
Both C mesostigmatica and H. cryptochromatica had significantly higher Cr-PC
cellular concentrations under the green light treatment (Figure 3.4B). The lowest
concentration values were obtained in the red light treatment and full light treatment for
these two species, respectively. Spectral irradiance did not have a significant impact on
the cellular Cr-PC concentrations for H. tepida (p-value =0.071).
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Specific concentration values for cellular Cr-PBP concentrations for all species
and treatments are listed in Table 3.2. The H.cryptochromatica full light treatment value
was based on an n=2 due to an identified outlier by the Dixon’s Q test.
3.5 PIGMENT CONCENTRATION: ALLOXANTHIN and α-CAROTENE
Spectral irradiance had a significant impact on the cellular alloxanthin and α
carotene concentrations for most species. The exceptions would be alloxanthin
concentrations in P.sulcata and α-carotene concentrations in R. salina which were not
significantly affected by spectral irradiance. The values for these two pigments are
summarized in Table 3.3 and the significant differences are noted in Appendix Table A1.
Similar to other pigments, the response to spectral quality changes were species specific.
3.6 CELL VOLUME
Cell volume results for all species and treatments are summarized in Table 3.1.
For most phycoerythrin species except for R. salina, cells from cultures grown under the
blue light treatment had the smallest cell volumes (Figure 3.5A). In contrast, R. salina
cultures grown under blue light resulted in cells with the largest volumes. For H.
andersenii, P. sulcata, and Storeatula sp., cultures grown under green light had the
largest cell volumes. G. theta had the largest cell volumes under full light.
C mesostigmatica cultures grown under full and green light had significantly
larger volumes than cells grown under the blue and red treatments (Figure 3.5B). H.
tepida cultures under red light resulted in the smallest cell volumes and the green and full
light treatments resulted in the largest cell volumes. H. cryptochromatica cell volumes
were largest for cells under the green light treatment.
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3.7 ABSORPTION SPECTRA
For all species, the highest absorption peak was present in the blue region of the
visible spectrum (400-490 nm) (Appendix A: Figure 1-8). For the phycocyanincontaining cryptophytes, a broad, more defined Cr-PC peak was observed within the
region of the PBP maximum absorption (Figure A6-A8), compared to the broad, less
defined Cr-PE peak for phycoerythrin- containing species (Figures A1-A5). The peaks
within the 650-700 nm range corresponded to a chl a absorption and can be seen on all
absorption spectra across all light treatments and species. (Figures A1-A8). This peak
was less defined in the C mesostigmatica spectra as it was close in absorption to the PBP
maximum peak (645nm) for this species (Figure A6).
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Table 3.1: Growth rate (n=3) and cell volume (n=200) values for all study species and light treatments. Values are averages of the
replicates ± sample standard deviation.

Growth Rate (d-1)

Cell Volume (μm3)

Green

Blue

Red

Guillardia theta

0.42 ± 0.00

0.46 ± 0.00

0.59 ± 0.00

0.46 ± 0.00

Rhodomonas salina
Hemiselmis
andersenii

0.39 ± 0.00

0.43 ± 0.00

0.52 ± 0.00

0.43 ± 0.00 169.83 ± 43.65 161.38 ±42.72 203.58 ± 61.41 166.67 ± 45.5

0.43 ± 0.00

0.51 ± 0.00

0.59 ± 0.00

0.45 ± 0.00

Proteomonas sulcata 0.39 ± 0.00

0.45 ± 0.00

0.52 ± 0.00

0.38 ± 0.00 125.19 ± 37.62 142.74 ± 38.08 94.79 ± 26.76 119.17 ± 31.3

Storeatula sp.

0.29 ± 0.00

0.22 ± 0.01

0.36 ± 0.01

0.24 ± 0.00

Chroomonas
mesostigmatica

0.48 ± 0.00

0.28 ± 0.00

0.53 ± 0.00

0.63 ± 0.00

97.29 ± 26.78 92.13 ± 26.82 78.46 ± 18.37 81.29 ± 19.19

0.50 ± 0.01

0.36 ± 0.01

0.49 ± 0.01

0.37 ± 0.00

38.57 ± 13.89 39.21 ± 12.97 34.83 ± 11.73

0.57 ± 0.01

0.50 ± 0.01

0.76 ± 0.01

0.55 ± 0.00

23.87 ± 9.53 44.14 ± 18.99
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Full

Hemiselmis tepida
Hemiselmis
cryptochromatica

Full

Green

Blue

Red

117.23 ± 40.8 107.78 ± 34.65 88.42 ± 39.17 101.25 ±30.56

54.77 ± 16.54 61.2 ± 21.57 35.77 ± 14.74 47.21 ± 17.66

751.98 ±
222.17

925.3 ± 288.18

705.92 ±
212.51

25 ± 10.09

862.66 ±
247.11

29.3 ± 9.87
26.16 ± 10.02

Table 3.2: Cellular concentration values for photosynthetic pigments for all study species and light treatments. n=3 (* indicates values
based on n=2) and values are averages of 3 replicates ± sample standard deviation.

Chl a (pg cell-1)

Chl c2 (pg cell-1)

Full

Green

Blue

Red

Full

Guillardia theta

0.80 ± .07

0.80 ±
.05

0.55 ±
1.56 ±
.08
0.88 ± .02 0.21

Rhodomonas salina

1.49 ± .07

Hemiselmis andersenii

PBP (pg cell-1)
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Green

Blue

Red

Full

Green

Blue

Red

1.67 ±
0.18

1.11 ±
0.11

1.92 ±
0.11

1.97 ±
0.31

2.79 ±
0.16

1.74 ±
0.36

2.79 ±
0.76

1.53 ±
.18

1.34 ±
2.01 ±
1.67 ±
.06
1.25 ± .08 0.17 2.1 ± 0.29 0.12

1.54 ±
0.14

8.86 ±
0.70

9.36 ±
1.07

5.23 ±
1.68

7.73 ±
0.64

0.39 ± .03

0.57 ±
.03

0.53 ±
0.14 ±
.03
0.41 ± .05 0.01

0.22 ±
0.02

0.22 ±
0.01

0.17 ±
0.02

1.63 ±
0.40

2.84 ±
0.18

1.22 ±
0.14

2.01 ±
0.24

Proteomonas sulcata

0.82 ± .05

0.64 ±
.04

0.71 ±
2.03 ±
.07
0.74 ± .03 0.14

1.73 ±
0.10

1.85 ±
0.23

1.88 ±
0.08

7.02 ±
0.22

6.32 ±
0.15

5.42 ±
0.10

6.66 ±
0.58

Storeatula sp.

8.85 ± 1.12

7.73 ±
0.93

4.79 ±
0.72

12.05 ±
1.60

16.9 ±
1.56

11.96 ±
2.11

6.91 ±
0.37

15.24 ±
1.63

17.00 ±
0.75

31.51 ±
2.09

12.18 ±
1.31

29.49 ±
1.94*

Chroomonas
mesostigmatica

0.73 ± 0.08

0.68 ±
0.04

0.52 ±
0.03

0.44 ±
0.04

1.26 ±
0.20

1.39 ±
0.19

0.69 ±
0.09

0.65 ±
0.08

6.96 ±
0.02

9.38 ±
0.08

5.27 ±
0.78

5.13 ±
0.24

Hemiselmis tepida

0.25 ± 0.07

0.54 ±
0.05

0.25 ±
0.00

0.51 ±
0.08

0.32 ±
0.06

0.77 ±
0.05

0.3 ±
0.01

0.71 ±
0.10

3.41 ±
0.26*

4.69 ±
0.09*

3.97 ±
0.40

4.16 ±
0.32

Hemiselmis
cryptochromatica

0.1 ± 0.01

0.15 ±
0.02

0.1 ±
0.01

0.1 ± 0.00

0.13 ±
0.01

0.25 ±
0.02

0.13 ±
0.02

0.14 ±
0.01

0.70 ±
0.03*

1.74 ±
0.16

1.10 ±
0.19

1.22 ±
0.08

Table 3.3: Cellular concentration values for carotenoid pigments for all study species and light treatments. n=3 and values are
averages of 3 replicates ± sample standard deviation. H.cryptochromatica values were below detection limit.

α carotene (pg cell-1)

Alloxanthin (pg cell-1)
Green

Blue

Red

Full

Green

Blue

Red

Guillardia theta

0.19 ± 0.02

0.2 ± 0.01

0.16 ± 0.02

0.22 ± 0.01

0.09 ± 0.01

0.11 ± 0.01

0.09 ± 0.02

0.12 ± 0.02

Rhodomonas salina

0.25 ± 0.02

0.26 ± 0.03

0.24 ± 0.01

0.21 ± 0.01

0.26 ± 0.01

0.31 ± 0.06

0.26 ± 0.01

0.22 ± 0.02

Hemiselmis andersenii

0.1 ± 0.01

0.17 ± 0.01

0.16 ± 0.01

0.12 ± 0.02

0.06 ± 0.00

0.09 ± 0.01

0.09 ± 0.01

0.07 ± 0.01

Proteomonas sulcata

0.22 ± 0.01

0.19 ± 0.01

0.21 ± 0.02

0.2 ± 0.01

0.13 ± 0.01

0.11 ± 0.00

0.11 ± 0.01

0.10 ± 0.01

Storeatula sp.

2.62 ± 0.24

2.2 ± 0.32

1.17 ± 0.08

2.56 ± 0.07

2.28 ± 0.17

1.96 ± 0.34

0.97 ± 0.01

2.43 ± 0.03

Chroomonas
mesostigmatica

0.17 ± 0.01

0.17 ± 0.01

0.14 ± 0.01

0.13 ± 0.01

0.17 ± 0.01

0.13 ± 0.01

0.13 ± 0.01

0.12 ± 0.01

Hemiselmis tepida

0.08 ± 0.01

0.15 ± 0.00

0.08 ± 0.00

0.13 ± 0.01

0.05 ± 0.01

0.12 ± 0.01

0.05 ± 0.00

0.10 ± 0.01

Hemiselmis
cryptochromatica

0.04 ± 0.00

0.04 ± 0.00

0.03 ± 0.00

0.03 ± 0.00

~

~

~

~
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Figure 3.1. Growth rates for phycoerythrin (A) and phycocyanin (B) containing
cryptophyte species under the four experimental environments. n=3 for all species, with
standard deviation error bars. The different letters indicate significant differences among
treatments within a species (α-level=0.05)
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Figure 3.2. Cellular chl a concentrations for phycoerythrin (A) and phycocyanin (B)
containing cryptophyte species under the four experimental environments. n=3 for all
species, with standard deviation error bars. The different letters indicate significant
differences among treatments within a species (α-level=0.05)
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Figure 3.3. Cellular chl c2 concentrations for phycoerythrin (A) and phycocyanin (B)
containing cryptophyte species under the 4 experimental environments. n=3 for all
species, with standard deviation error bars. Letters indicate significant differences among
treatments within a species (α-level=0.05). NS=no significant difference.
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Figure 3.4. Cellular PBP concentrations for phycoerythrin (A) and phycocyanin (B)
containing cryptophyte species under the four experimental environments. n=3 for all
species, except H.tepida green treatment (n=2) with standard deviation error bars. The
different letters indicate significant differences among treatments within a species (αlevel=0.05). There was a significant difference for G.theta, however, no specific
treatments were identified as significantly different.
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Figure 3.5. Cellular volume (μm3) for phycoerythrin (A) and phycocyanin (B) containing
cryptophyte species under the four experimental environments. n=3 for all species, with
standard deviation error bars. The different letters indicate significant differences among
treatments within a species (α-level=0.05)
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CHAPTER 4
DISCUSSION
The objective of this study was to determine if cryptophytes can acclimate to
shifts in spectral irradiance. Our results showed that cryptophytes were able to grow
under different spectral light qualities, with differences in growth rates depending on how
“ideal” the environment was for each species. No mortality of cultures was observed
during the study, even for cryptophytes with pigments that could not absorb in the green
light environment (phycocyanin-containing species). In addition, each species was
significantly impacted by spectral quality in their pigment composition for at least one
pigment, and there was a significant impact on cell volume for all species within the
study. However, very few results showed trends that were consistent across cryptophytes
with the same PBP complex. In fact, most results showed a species-specific response
(with the exception of fastest growth environment for phycoerythrin cryptophytes and
slowest growth environment for phycocyanin species). In addition, the shifts in pigment
concentration did not always correlate to what appeared to be beneficial for the given
light treatment. For example, C. mesostigmatica had the highest concentrations of
phycocyanin under green light, and chl a was also significantly higher under green light
compared to blue and red, spectra which chl a actually absorbs.
Garrido et al. (2016) found that in the haptophyte Emiliania huxleyi, chl a
concentrations were highest under red light, followed by green, then white, then blue
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light treatments. However, there appeared to be overlap between their green and blue
treatment environmental spectra that may have led to this result. This result differs from
those found here as red light only resulted in the highest cellular chl a concentration in
Storeatula sp. and G. theta, and even in these cases, the red treatment was not
significantly different from other treatments.
Working with the green cyanobacteria, Spirulina platensis, Lee et al. (2016)
found growth rates to be highest under red light, however phycocyanin concentrations
reached higher concentrations under blue light. Only one of our phycocyanin-containing
species reached highest growth rates under red light, (C. mesostigmatica), while H. tepida
had growth rates under red light environment that were almost as low as the green light
environment. For all phycocyanin species within this study, green light resulted in the
highest PBP cellular concentrations, with significantly higher concentrations exhibited by
C. mesostigmatica and H. cryptochromatica under the green light environment. The
maximum absorption for the C. mesostigmatica and H. cryptochromatica PBP pigments
are 645 nm and 569 nm, respectively. While both pigments are outside of the green
absorption wavelength range, C. mesostigmatica exhibited the most noticeable increase in
PBP under green light, even though it has a phycocyanin maximum absorption well into
the red wavelength range. This may be due to the broad peak of the Cr-PC present within
these species having an overlap with the wavelengths present in the green light
environment treatment. The increase in Cr-PC may be in an attempt to harvest what little
light may be available in the wavelength overlap between the Cr-PC absorption peak and
the green light treatment wavelengths.
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In a study looking at the prasinophyte, Tetraselmis suecica, cells grown under red
light were smaller, and cultures exhibited faster growth under red light (Abuisi et al.,
2014) In addition, cellular chl a concentrations were highest under blue and white light,
with the lowest concentrations found under green and red light environments. T. suecica
is a marine green alga, so comparing these results to the results for phycocyanin
cryptophytes used in this study show a different trend. While the specific trend was
variable across the three cryptophyte species, our results had green light resulting in the
highest or one of the higher concentrations for cellular chl a. The trend observed by
Abuisi et al. (2014) was completely reversed in our H. tepida species; red and green light
had the highest concentrations, with blue and white exhibiting the lower concentrations
(Figure 3B).
With cyanobacteria, the dominant PBP will switch under changing light
environments. For example, the cyanobacterium Calothrix sp. under green light had
higher phycoerythrin concentrations, whereas phycocyanin concentrations were higher
under red light (Campbell, 1996). However, since cryptophytes contain only one type of
PBP, a shift of this type was not observed in our study. Campbell (1996) also saw these
changes in concentrations in his absorption spectra results. Our absorption spectra had
more distinct peaks for the phycocyanin species, however the peak for the PBP in the
phycoerythrin species appeared to be flattened. This could be due to a high chl a
concentration or pigment packaging affecting how the pigments absorbed when the
samples were run (Duysens, 1956).
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Vesk and Jeffrey (1977) showed that growing cultures under blue-green light
resulted in increases of chl a compared to white light grown culture in 15 of 18 species
from different phytoplanktonic groups that they examined. However, there was no
increase in the carotenoids that absorb blue-green light relative to chl a, indicating no
complementary chromatic adaptation for these species. The one except was a
Chroomonas sp. species which exhibited a small complementary chromatic adaptation
response due to the small increase (about 25%) of phycoerythrin relative to chl a under
blue-green light.
One reason a clear significant difference may not have been seen within this study
could be due to our relatively low number of replicates. For pigment and growth rate
trials, the experiments were run in triplicate. However, this does not always allow for
outliers to be detected, potentially skewing our data to non-significant results or vice
versa. In the cases where outliers were detected, this left an n=2 replication scenario,
which is not ideal. Future studies should probably use an n=5 replication plan, in order to
allow for a clearer picture of significant differences.
Based on the results from this study, it appears that cryptophytes could acclimate
in some ways to novel spectral irradiances as no treatment mortality was observed.
However, the changes in pigmentation were not in agreement with the theory of
chromatic adaptation, in that some changes seemed to not benefit the species (e.g.
increase of chl a or Cr-PC under green light treatment). With regards to acclimation to
rapid changes in their environment (e.g. changes in CDOM), an increase in CDOM
would favor cryptophytes that grow fastest under red light wavelengths, whereas a

30

decrease in CDOM would favor those species that thrive under blue and green spectrum
wavelengths. Over small time scales (weeks to a few months), there were no major shifts
in pigmentation to indicate that spectral irradiance can drive diversification of
cryptophytes. However, over longer time scales (at the time scale of years), it may be
possible for changes at the genetic level to occur that may facilitate this diversification.
Future studies should look at longer term acclimations (on the time scale of years) using
both phenotypic and genetic comparisons to determine if adaptation to novel habitats is
possible within the cryptophyte class.
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APPENDIX A: P-VALUE TABLE AND ABSORPTION SPECTRA
Table A.1. P-values among treatments for all parameters and species within this study.
Bold number indicates a significant difference among the treatments. Underlined number
indicates a non-significant difference due to a violation of ANOVA assumptions.
Parameter

Species

Growth Rates (d-1 )

Guillardia theta
Rhodomonas salina
Hemiselmis andersenii
Proteomonas sulcata
Storeatula sp.
Chroomonas mesostigmatica
Hemiselmis tepida
Hemiselmis cryptochromatica

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.823
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.983
0.108
0.000
0.000
0.010
0.000
0.715
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Cell Volume (μm3 )

Guillardia theta
Rhodomonas salina
Hemiselmis andersenii
Proteomonas sulcata
Storeatula sp.
Chroomonas mesostigmatica
Hemiselmis tepida
Hemiselmis cryptochromatica

0.059
0.310
0.002
0.000
0.000
0.156
1.000
0.000

0.000
0.000
0.000
0.000
0.358
0.000
0.013
1.000

0.000
0.917
0.000
0.449
0.000
0.000
0.000
0.446

0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.000

0.444
0.701
0.000
0.000
0.063
0.000
0.000
0.000

0.003
0.000
0.000
0.000
0.000
1.000
0.000
1.000

Chl a (pg cell-1 )

Guillardia theta
Rhodomonas salina
Hemiselmis andersenii
Proteomonas sulcata
Storeatula sp.
Chroomonas mesostigmatica
Hemiselmis tepida
Hemiselmis cryptochromatica

1.000
0.952
0.007
0.008
0.090
0.606
0.005
0.001

0.004
0.401
0.001
0.084
0.000
0.004
1.000
0.933

0.348
0.102
0.906
0.272
0.999
0.001
0.005
0.989

0.004
0.208
0.441
0.355
0.003
0.019
0.006
0.001

0.378
0.049
0.002
0.114
0.112
0.002
0.965
0.001

0.001
0.737
0.016
0.827
0.000
0.362
0.005
0.989

chl c 2 (pg cell )

-1

Guillardia theta
Rhodomonas salina
Hemiselmis andersenii
Proteomonas sulcata
Storeatula sp.
Chroomonas mesostigmatica
Hemiselmis tepida
Hemiselmis cryptochromatica

0.863
0.947
0.001
0.142
0.019
0.749
0.001
0.001

0.034
0.204
0.001
0.493
0.000
0.007
0.996
0.809

0.972
0.057
0.180
0.648
0.580
0.005
0.001
0.969

0.103
0.097
0.993
0.761
0.017
0.002
0.001
0.000

0.641
0.027
0.015
0.605
0.119
0.002
0.805
0.000

0.019
0.802
0.022
0.992
0.001
0.989
0.001
0.956

PBP (pg cell-1 )

Guillardia theta
Rhodomonas salina
Hemiselmis andersenii
Proteomonas sulcata
Storeatula sp.
Chroomonas mesostigmatica
Hemiselmis tepida
Hemiselmis cryptochromatica

0.194
0.016
0.002
0.107
0.000
0.000
0.072
0.001

0.923
0.945
0.291
0.001
0.027
0.004
0.221
0.117

0.198
0.611
0.357
0.547
0.000
0.003
0.145
0.012

0.082
0.008
0.000
0.036
0.000
0.000
0.709
0.003

1.000
0.338
0.020
0.593
0.527
0.000
0.855
0.032

0.083
0.091
0.026
0.007
0.000
0.974
0.987
0.270

Alloxanthin (pg cell-1 )

Guillardia theta
Rhodomonas salina
Hemiselmis andersenii
Proteomonas sulcata
Storeatula sp.
Chroomonas mesostigmatica
Hemiselmis tepida
Hemiselmis cryptochromatica

0.942
0.863
0.000
0.127
0.133
1.000
0.000
0.613

0.225
0.898
0.000
0.969
0.000
0.045
0.992
0.005

0.096
0.121
0.214
0.501
0.975
0.009
0.000
0.002

0.104
0.497
1.000
0.233
0.001
0.043
0.000
0.011

0.207
0.041
0.005
0.711
0.232
0.009
0.440
0.005

0.005
0.306
0.005
0.744
0.000
0.645
0.001
0.861

Guillardia theta
Rhodomonas salina
Hemiselmis andersenii
Proteomonas sulcata
Storeatula sp.
Chroomonas mesostigmatica
Hemiselmis tepida

0.171
0.341
0.001
0.143
0.246
0.047
0.000

1.000
1.000
0.001
0.310
0.000
0.038
0.998

0.047
0.360
0.137
0.035
0.779
0.006
0.001

0.159
0.378
0.957
0.935
0.001
0.999
0.000

0.790
0.031
0.021
0.756
0.066
0.471
0.188

0.043
0.324
0.011
0.441
0.000
0.547
0.002

-1

α-carotene (pg cell )

Full vs. Green Full vs. Blue
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Full vs. Red

Green vs. Blue Green vs. Red

Blue vs. Red
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Figure A.1: Absorption spectra for Guillardia theta under full (A), green (B), blue (C), and red (D) light treatments. n=3 with the
solid line representing averages of the 3 samples, and the dashed lines representing standard deviation.
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Figure A.2: Absorption spectra for Rhodomonas salina under full (A), green (B), blue (C), and red (D) light treatments. n=3 with the
solid line representing averages of the 3 samples, and the dashed lines representing standard deviation.
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Figure A.3: Absorption spectra for Hemiselmis andersenii under full (A), green (B), blue (C), and red (D) light treatments. n=3 with
the solid line representing averages of the 3 samples, and the dashed lines representing standard deviation.
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Figure A.4: Absorption spectra for Proteomonas sulcata under full (A), green (B), blue (C), and red (D) light treatments. n=3 with the
solid line representing averages of the 3 samples, and the dashed lines representing standard deviation.
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Figure A.5: Absorption spectra for Storeatula sp. under full (A), green (B), blue (C), and red (D) light treatments. n=3 with the solid
line representing averages of the 3 samples, and the dashed lines representing standard deviation.
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Figure A.6 Absorption spectra for Chroomonas mesostigmatica under full (A), green (B), blue (C), and red (D) light treatments. n=3
with the solid line representing averages of the 3 samples, and the dashed lines representing standard deviation.
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Figure A.7: Absorption spectra for Hemiselmis tepida under full (A), green (B), blue (C), and red (D) light treatments. n=3 with the
solid line representing averages of the 3 samples, and the dashed lines representing standard deviation.
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Figure A.8: Absorption spectra for Hemiselmis cryptochromatica under full (A), green (B), blue (C), and red (D) light treatments. n=3
with the solid line representing averages of the 3 samples, and the dashed lines representing standard deviation.

